Aerosol particles in the atmosphere strongly influence the Earth's climate and human health in urban areas but the quantification of their effects is highly uncertain. The complex and variable composition of atmospheric particles is the main reason for this uncertainty. About half of the particle mass is organic material, which is very poorly characterized on a molecular level and therefore it is challenging to identify sources and atmospheric transformation processes. We present here a new combination of techniques for highly time-resolved aerosol sampling using a rotating drum impactor (RDI) and organic chemical analysis using direct liquid extraction surface analysis (LESA) combined with ultra-high resolution mass spectrometry. This minimizes sample preparation time and potential artifacts during sample work up compared to conventional off-line filter or impactor sampling. Due to the high time resolution of about 2.5 hours intensity correlations of compounds detected in the high-resolution mass spectra were used to identify groups of compounds with likely common sources or atmospheric history.
INTRODUCTION
Aerosol particles are important components of the atmosphere and strongly influence the Earth's climate by directly scattering or absorbing sunlight and indirectly by aerosol-cloud interactions 1 . Aerosol particles are also involved in negative health effects caused by air given here. Rather than collecting all particles on the same impaction spot during the sampling time, a Mylar strip on a slowly rotating drum is used as the impaction surface resulting in a timeresolved deposition of the impacted particles. Ambient air is sampled at a flow rate of 16.7 lpm and aerosol particles are collected via impaction on greased (Apiezon L high vacuum grease)
Mylar strips. The Mylar is greased to increase the collection efficiency by reducing particle bouncing. The time resolution is determined by the rotation speed of the RDI drums combined with the aerodynamic spread of sample deposition. This varies with the particle size cut, with diameter particles (stages 6 -8) particle deposits were much darker and also showed a time variation similar to each other that was distinct from that observed on stages 1 -5. Stage 3 and stage 8, corresponding to the size ranges 2.5-1.15 μm and 0.26-0.09 μm, respectively, were chosen as representative of the 2 deposition types and were investigated further in this study.
Sample analysis
The organic composition of particles deposited on stages 3 and 8 of the RDI were analyzed with mass spectrometry using a new direct extraction technique, Liquid Extraction Surface Analysis (LESA). LESA is a mode of operation of the TriVersa NanoMate chip-based nano electrospray ionisation (ESI) source (Advion, Ithaca, USA). Samples are mounted onto a movable sample stage and a small amount of solvent (1 -10 µL) is then dispensed from a pipette tip on the surface of the sample (Figure 1 ). The micro liquid junction is maintained to extract analytes present at (or close to) the surface of the sample and to dissolve them into the small solvent extraction volume. The droplet is aspirated and subsequently sprayed via an infusion method utilizing the chip based ESI 22 (see supporting information). All mass spectra shown here were recorded in positive ionization mode.
A section of each Mylar RDI sample strip was cut to size (20 x 70 mm) and mounted on a standard glass microscope slide before being analyzed by LESA at 20 points along a linear path at 1 mm intervals, which corresponds to the approximate liquid junction droplet size as shown in Many previous studies using LESA have repeatedly deposited and aspirated solvent onto the sample on a single extraction spot to aid mixing of the extracted sample into the solvent within a short contact time of typically 1-5 seconds 16, 18, 23 . However this leads to sample loss through each deposition/aspiration cycle as a small amount of solvent is lost to the surface each time the sample is aspirated. However a single deposition and aspiration reduces sample loss while increasing the contact time with the surface allows a longer period for analytes to dissolve8 sufficient time for sample mixing through diffusion due to the small extraction volume. Contact times of over 30 seconds are less effective due to breakdown of the liquid junction.
An ultra-high-resolution mass spectrometer (LTQ Velos Orbitrap, Thermo Scientific, Bremen, Germany) with a resolution of 100,000 at m/z 400 and a typical mass accuracy of ±2 ppm was used to analyze the organic compounds present in the samples following extraction by LESA.
The resolution and mass accuracy of UHR-MS allows the identification of the elemental composition of unknown organic compounds. Samples were sprayed at a gas (N 2 ) pressure of 0.30 PSI at 1.8 kV in positive mode using a NanoMate Nano-ESI source.
FTMS data analysis
For each extraction point on the RDI stripes mass spectra were recorded for a one-minute The meteorological data collected at the nearby airport shows the wind direction is from the northwest for the entire duration of the 2-day sampling period. The wind speed however is more variable with three periods of higher wind speeds between 12:00 and 00:00 each day during the sampling period, showing a maximum of 28 kmph. The wind speed is plotted in Figure 3 and compared to the sample loading, which was quantified by taking the grey levels from a bitmap file of the grey-scale scanned image of each sample strip. These were scaled to values between 0 and 1 and reflect the visual inspection of the loading: for stage 3 the lightest areas (i.e., A and B type deposits) corresponded to the highest loading and extraction spot 1 was assigned a value of 1, and thus the darkest areas were assigned a value of zero (extraction point 7 and 15) and the other values scaled linearly. The opposite scaling was used for stage 8, where darker regions indicate higher loading. The dark colour is possibly due to increased amounts of elemental carbon on the stripe. The periods of high wind speed correlate reasonably well with the higher loadings on stage 3 of the A type deposit, which suggests that this is wind blown dust from the local area. However no links could be made between the B type deposits and the meteorological data. Periods with an increased sample loading on stage 8 appears to occur at night, suggesting that this may be due to diurnal changes in the boundary layer height concentrating sub-micron particles during the night in the shallow boundary layer.
Elemental ratios of organic compounds
Average intensity weighted molecular formula were identified for each stage (see Table 1 ).
The Figure 4b shows that the nitrogen content is largely similar for both stages, however for stage 3 for a neutral mass of <200 Da a large number of high intensity compounds are present on the baseline with a N/C ratio of zero, indicating that they contain only C, H and O, which is accordance with the higher O/C ratio in the bulk composition in the same mass range (Table 1) .
For all compounds below m/z 150 (181 compounds) in the large size fraction (stage 3) the N/C ratio is clearly correlated with the overall particle loading and wind speed ( Figure S2 ). This strongly suggests that compounds in the low mass region with high nitrogen content may be soil derived. Soil organic compounds are known to have a large number of N-containing compounds 26 . The sampling location close to a dairy farm could also partly explain the high N/C ratio of the large particle fraction under high wind conditions, due to the high N-content of animal waste. This correlation is not as strong if all compounds up to m/z 350 are considered.
Kendrick mass defect analysis
To further characterize the compounds in the two stages Kendrick mass defect plots were constructed. The Kendrick mass scale assigns an integer mass of 14.000 to CH 2 in place of the IUPAC mass of 14.0156 for all compounds (see supporting information for more detailed definition). Compounds with the same number of hetero-atoms and double bond equivalents will have the same KMD and differ by a KM of 14 if their formula differs by a CH 2 group only, defined here as KMD-series. This is used to identify possible homologous aliphatic series, which will appear on a horizontal line when KMD is plotted against nominal mass 27 . However without structure confirmation by MS/MS analysis or otherwise these series do not necessarily have structural similarity in complex samples such as organic aerosols. Figure 5 shows KMD plots of all CHN and CHO compounds for both stages that fall into KMD-series with more than three species. There were a significantly greater number of CHN series present in stage 8 (60 compounds, Figure 5b ) than in stage 3 (28 compounds, Figure 5a) and similarly more CHO series in stage 3 (151 compounds, Figure 5c ) than in stage 8 (60 compounds, Figure 5d ) confirming the findings discussed above (Table 1 and Figure 4 ).
Intensity correlations
It is often assumed in that such KMD-series of compounds are structurally related may thus originate from the same source. Structurally closely related compounds, especially when emitted from the same source, often have similar atmospheric lifetimes due to similarities in reactivity.
Thus their concentrations may be strongly correlated with each other over time. The high time resolution of the RDI dataset allows the evaluation of such a hypothesis. Figure 6a shows the change of intensity with time of compounds identified in a series with four members starting with a core molecule of formula C 5 H 8 N 2 found on stage 8. It can be seen here that all four members show high intensities on spots 12-15 and the two first members are also strongly correlated over the entire measurement time. This suggests that these species are associated with the same source and strengthens the argument that they may be structurally related. In Figure 6b , the same analysis of a series with four members starting with C 7 H 10 O 3 present on stage 3 shows no relationship between the individual compounds of the series over the entire sampling time,
indicating it is less likely that they are related by source or structure.
The five KMD-series of each stage with on average the most intensive ions are listed in Table   2 This marked difference between the two stages mirrors the bulk elemental O/C and N/C ratios discussed previously, with stage 3 containing more oxygenated species and stage 8 more amines.
As shown above it is often difficult to identify groups of compounds originating from a common source and correlations of peak intensities over time allow the possible identification of compounds with a common or similar atmospheric history. Thus, for each identified formula the variation of intensity across the 20 sampling points was compared to every other formula in the entire data set. Linear regression analysis was used to indicate correlations, and any correlation with an R 2 value of greater than 0.8 were defined as statistically significant. This analysis assumes that matrix ionization effects are constant throughout the RDI stripe due to the hydrocarbon grease applied to the Mylar strips. This resulted in a number of sets of correlating species for stage 3. Three of these correlating sets of species are shown in Table S1 , which gives for each set the formula and the total peak intensities across all twenty extraction points. Figure 7 shows the variation in the averaged intensity for all the species in each set for each extraction point, which was subsequently normalized to the maximum average intensity across all 3 series of correlating species and across all extraction points. Series 1 contains both CHNO and CHN Table 3 . Time periods with intensive brown-coloured particle deposits (See Figure 2a) , which are likely from soil-derived local sources, are indicated with solid bars.
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